Some synthesized oxazolidine derivatives (1-oxa-4-azaspiro [4, 4] nonane, 1-oxa-4-azaspiro [4, 5] decane, 6-methyl-1-oxa-4-azaspiro [4, 5] decane and 1-oxa-4-azaspiro [4, 7] dodecane) have been tested as promising inhibitors for API 5L X60 steel corrosion in a 1 M HCl solution using weight loss and electrochemical techniques complemented with computational studies. Characterization of the synthesized compounds was achieved using 1 H and 13 C NMR spectroscopic analysis. The oxazolidine derivatives could efficiently lower the corrosion rate of the steel sample during 24 h of immersion in an acidic medium. The oxazolidine derivatives have minimal effect on the corrosion potential of steel in the acid solution. Their adsorption onto the steel surface effectively improved the charge transfer resistance, and the oxazolidine compounds acted as mixed-type inhibitors. A cyclooctyl substitution at the C-11 position produced the highest inhibitor efficiency, and attachment of a methyl group could enhance the inhibition efficiency of the cyclohexyl substituent at the C-11 position. Density functional theory calculations were conducted to gain insight into the structural and electronic properties of the four corrosion inhibitors and their inhibitory effects.
INTRODUCTION
Steel alloys continue to enjoy immense importance in many industries, such as desalination plants, refineries, manufacturing and even construction industries, due, practically, to properties such as high tensile strength, malleability, ductility and ready availability. Unfortunately, however, their application in these industries inevitably exposes them to regular contact with strong acids, such as hydrochloric acid (HCl), during practices such as descaling and pickling, which are practiced in these industries. A major consequence of the steel-acid contact is severe corrosion attack, which leads to serious material damage and, subsequently, substantial financial loss. Although well-known techniques such as the application of surface coatings and selection of alloy materials have traditionally been utilized in many industries to prevent metallic corrosion, these techniques do not outperform the application of corrosion inhibitors, especially from organic sources, which offer greater advantages, such as environmental friendliness, cost effectiveness and excellent practicability in mitigating steel acid corrosion. The literature contains extensive works that have been reported in this regard [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . In addition to being derived from plant extracts, many effective organic corrosion inhibitors that have been studied are also drug-related substances [14] [15] [16] . These organic corrosion inhibitors contain moieties with π-electrons and non-bonding electrons, such as double or triple bonds or heteroatoms such as nitrogen, oxygen or sulfur. Inhibition chemistry involves using the heteroatoms as anchor points for adsorption onto active sites of the alloy, leading to the formation of inert barrier layers between the surface and the acid solution [17, 18] . In addition, a recent review by [19] emphasized that the spatial orientation of the inhibitor molecules also exerts some influence on the efficiency of inhibition by a given molecule.
Oxazolidine (1,3-oxazolidine) is the reduced form of oxazoline and possesses nitrogen and oxygen heteroatoms separated by a carbon atom in a heterocyclic structure. Oxazolidine-based compounds have attracted attention as a new class of orally active synthetic antibiotics with a unique mechanism of bacterial protein synthesis inhibition [20] [21] [22] . A special class of oxazolidine derivatives includes oxa-azaspiro compounds, which have been reported for their immense application in the treatment of cancer [23, 24] , convulsion [25, 26] , dermatitis [27] , tuberculosis [28] and Alzheimer's disease [29] . The excellent medicinal properties of these oxazolidine derivatives are strongly related to their heterocyclic nitrogen functionality. In addition to the oxygen functionality contained in the oxaazaspiro compounds, it is thought that these oxazolidine derivatives can exhibit good corrosion inhibition properties. Unfortunately, such reports are seriously lacking in the literature. The only available work is that reported in [30] , where some isoxazolidine derivatives were shown to be effective inhibitors against the corrosion API 5L X60 steel in a 1 M HCl solution.
In the present research, we investigate the ability of some oxazolidine derivatives, namely, 1-oxa-4-azaspiro compounds, to serve as API 5L X60 steel corrosion inhibitors in a 1 M HCl solution using weight loss and electrochemical techniques in conjunction with computational calculations to elucidate the electronic properties of the inhibitors related to the adsorption and binding characteristics of the molecules on the steel surface. The compounds include 1-oxa-4-azaspiro [4, 4] nonane, 1-oxa-4-azaspiro [4, 5] decane, 6-methyl-1-oxa-4-azaspiro [4, 5] decane and 1-oxa-4-azaspiro [4, 7] dodecane and have been coded as OXA1, OXA2, OXA3 and OXA4, respectively, in the present report (see Scheme 1) . It is envisaged that the results from this work will contribute to the increasing literature in the continuous design of effective corrosion inhibitors, especially for steel alloys in acidic media. n = 1; R= H; 1-Oxa-4-aza-spiro [4, 4] nonane (OXA1) n = 2; R= H; 1-Oxa-4-aza-spiro [4, 5] decane (OXA2) n = 2; R= CH3; 6-Methyl-1-Oxa-4-aza-spiro [4, 5] decane (OXA3) n = 4; R= H; 1-Oxa-4-aza-spiro [4, 7] dodecane (OXA4) Scheme 1. Synthetic route for the oxazolidine-based inhibitors along with their IUPAC names and atomic numbering used throughout this study
EXPERIMENTAL

Synthesis and characterization of the oxazolidine derivatives
The laboratory synthesis was carried out by following a previously reported procedure [31] . The chemicals employed in the synthesis of the oxazolidine derivatives were analytical grade reagents obtained from Sigma Aldrich and were used as purchased without further purification. Scheme 1 shows the synthetic route for the oxazolidine derivatives (OXA1 to OXA4). The synthesis process involved refluxing a mixture of ethanolamine and the appropriate ketone in dry benzene for an appropriate amount of time (until no water more was collected). Then, column chromatography on a silica gel was used to remove the benzene. Characterization of the four synthesized oxazolidine derivatives was performed using 1 H and 13 C NMR spectroscopy using tetramethyl silane as an internal standard and deuterated DMSO as the solvent. Moreover, the characterization process also involved the use of elemental analyses, followed by checking the homogeneity of the compounds by TLC, where the spots were detected by exposure to ultraviolet lamp at = 254
. The details of the procedures used in the synthesis and characterization processes have been reported in our previous publication [32] .
Weight loss measurements
Weight loss measurements were performed according to the ASTM standard. API 5L X60 steel coupons with dimensions of 3 cm × 3 cm × 1 cm were abraded to a final grit size of 800 using silicon carbide paper, washed with distilled water, ultrasonically degreased in acetone for 10 min and thereafter dried with warm air using a mechanical drier. The test acid solution (1 M HCl) was prepared by diluting an appropriate volume of 37 % concentrated HCl (Sigma Aldrich) with double distilled water. The steel coupons were weighed and immersed in the acid solution for 24 h at 25 °C without and with 0.5 % inhibitors. After 24 h, the coupons were retrieved, quickly immersed in the 1 M HCl solution for 10 s to remove the corrosion products, thoroughly washed with distilled water and ultrasonically cleaned in acetone for 10 min, followed by warm air drying. The coupons were then reweighed to extrapolate the weight loss that occurred during immersion. Given an exposed surface area (A cm 2 ), the density of the steel sample (ρ) and the time of immersion (t), the corrosion rate in mm per year (mpy) was calculated from the weight loss (ΔW) of the steel samples according to Equation (1) . Subsequently, the inhibition efficiency (IE %) from weight loss measurements was calculated according to Equation (2) , where CR(blank) and CR(inh) are, respectively, the corrosion rates in the absence and presence of an inhibitor.
Electrochemical measurements
All electrochemical measurements were performed under naturally aerated conditions after the working electrode was freely immersed for 1 h in the appropriate test solutions, during which an open circuit potential (OCP) must have been attained based on previous reports [30, 33] . Subsequently, EIS measurements were carried out in the frequency range of 100 kHz to 0.01 Hz using a voltage amplitude of 10 mV. The potentiodynamic polarization (PDP) measurements were recorded within a potential perturbation range of ± 250 mV with respect to the free corrosion potential (Ecorr) by applying a scan rate of 0.5 mV/s. Polarization parameters such as Ecorr, icorr and Tafel constants were derived based on the Tafel extrapolation method. Linear polarization resistance (LPR) measurements were performed within ± 10 mV of the Ecorr using a scan rate of 0.167 mV/s. Calculation of the inhibition efficiency (IE %) from the electrochemical measurements was performed using Equations (3) to (5) . A similar procedure for conducting the electrochemical experiment has been reported in our previous publications [32, 34] .
where Rct(blank) and Rct(inh) are, respectively, the charge transfer resistances recorded in the absence and presence of an inhibitor;
where icorr (blank) and icorr (inh) are, respectively, the corrosion current densities recorded in the absence and presence of an inhibitor; and
× 100
where Rp (blank) and Rp (inh) are, respectively, the polarization resistances recorded in the absence and presence of an inhibitor.
Computational studies
The Gaussian 09 package [35] was used to perform density functional theory (DFT) calculations, with Becke's three parameter exchange functional along with the Lee-Yang-Parr nonlocal correlation functional (B3LYP) [36, 37] and the 6-311++G(d,p) basis set. Since electrochemical corrosion generally occurs in aqueous solutions, the polarizable conductor calculation model (CPCM) was used to simulate water as a solvent [38, 39] .
RESULTS AND DISCUSSION
Synthesis and characterization of the oxazolidine derivatives
Scheme 1 shows the synthesis route for oxazolidine derivatives OXA1 to OXA4, which were obtained via cyclocondensation of ethanolamine with the appropriate ketones using a Dean-Stark trap. The synthesis method afforded the corresponding oxazolidine derivatives in good yields (78 -86 %). 
Weight loss measurement
The corrosion rate of the API 5L X60 steel sample in a 1 M HCl solution without and with oxazolidine derivatives OXA1 to OXA4 is strongly correlated with the change in mass of the weighed steel sample before and after the 24 h of immersion. According to Table 1 , the steel sample in the 1 M HCl solution without an inhibitor experienced a greater weight loss than the samples in the presence of any of the inhibitors. The presence of the oxazolidine inhibitors, therefore, definitely decreased the corrosion rate of the X60 steel in the 1 M HCl solution. This phenomenon is readily attributed to coverage of the steel surface by the oxazolidine-based compounds via adsorption, which ultimately protects the surface from attack by the acid solution [40, 41] . The efficiency of inhibition for the compounds followed the order OXA2 < OXA3 < OXA1 < OXA4 with respective IE % values of 43.64 %, 52.73 %, 66.06 % and 72.12 %. This indicates that 1-oxa-4-azaspiro [4, 7] dodecane can provide the greatest surface coverage of the steel sample, while 1-oxa-4-azaspiro [4, 5] decane provides the least surface coverage compared with the other oxazolidine derivatives studied. Given that the inhibition efficiency of organic corrosion inhibitors is strongly correlated with the extent of their adsorption on the surface of the corroding metallic material, the adsorption must also be influenced by the internal energy of the inhibitor molecules, which controls their reactivity. Such energy should also be controlled by the strain energy of the substituents attached to the oxazolidine parent molecule. According to the other reports [42] , the cyclooctyl substituent possesses a higher strain energy than the other substituents attached to the oxazolidine moiety, while the strain energy of the cyclopentane is greater than that of cyclohexane. This is consistent with the observed inhibitor efficiency displayed by the oxazolidine derivatives. Relative to OXA2, which has a cyclohexyl substituent, OXA3 (which has a methyl group attached to the cyclohexyl substituent) displays a greater efficiency, which is definitely attributed to the electron-donating power of the methyl group [43] . 
Electrochemical Impedance Spectroscopy (EIS)
EIS analysis can elucidate how the oxazolidine derivatives influence the kinetics and mechanism of the API 5L X60 steel corrosion in a 1 M HCl solution. After 1 h of stable OCP attainment, the EIS results for the steel sample in the acid solution without and with the corrosion inhibitors are displayed in the form of Nyquist and Bode modulus plots, as represented in Figure 1 . The Nyquist plots (Figure 1 (a)) reveal incomplete semicircles for the steel in the absence and presence of the corrosion inhibitors, which indicates that the oxazolidine derivatives did not change the corrosion mechanism of the steel in the 1 M HCl solution but resulted in evident modification based on the changes in the sizes of the semicircular arcs. The increased size of the semicircles in the presence of the inhibitors corroborates the finding from the weight loss experiments, indicating that the oxazolidone inhibitors increase the corrosion resistance of API 5L X60 steel in a 1 M HCl solution. Similarly, the values of absolute impedance, based on the BODE modulus plots in Figure 1 (b), exhibited by the steel sample greatly increased during the frequency scan in the presence of the inhibitors compared with the blank HCl solution. The single impedance loops displayed in the Nyquist plots throughout the steel corrosion in the absence and presence of the inhibitors indicate that the electrochemical corrosion mechanism of the steel sample in 1 M HCl solutions without and with the oxazolidine inhibitors was controlled by the capacitance at the steel surface-acid solution interface and the resistance to charge transfer across the interface. Hence, the one-time constant represented by the equivalent circuit in Figure 1 (c) was adopted to model the impedance behavior of the API 5L X60 steel corrosion in 1 M HCl solutions without and with the oxazolidine inhibitors. A similar equivalent circuit model was adopted in previous works for the corrosion of steel alloys in HCl solutions without and with some organic corrosion inhibitors [1, 44, 45] . In the model, Rs is the solution resistance, CPEdl is the double-layer capacitance of a constant phase element, and Rct is the resistance to charge transfer across the interface. The constant phase element, CPE, has been used instead of a pure capacitor to compensate for the surface inhomogeneity of solid electrode materials, which usually exhibit frequency-dependent dispersions [32] . The impedance of a constant phase element, ZCPE, is given by Equation 6 , where Yo is the admittance, n is the CPE exponent,
is an imaginary number ɷ is the angular frequency in rad./s.
The corresponding electrical parameters derived from the model are presented in Table 2 . The Rct values, which are a measure of the corrosion resistance of a steel sample in an HCl solution, generally increased in the presence of the oxazolidine derivatives. The Rct and IE % values calculated from Rct also followed a similar trend of OXA2 < OXA3 < OXA1 < OXA4. The Yo values decreased in the presence of the inhibitors compared with the value for the blank solution. Equation 6 shows that the Yo value varies inversely with the impedance of the sample. Thus, the impedance of the steel sample increased in the presence of the oxazolidine derivatives and was highest in the presence of the OXA4 compound, corroborating the experimental findings and following a similar trend as observed from the weight loss experiment. The accuracy of the equivalent circuit chosen to model the impedance behavior of the steel corrosion was verified based on the excellent overlap of the experimental and fitting plots, according to Figure 1 (d) and based on the values of the goodness of fit in Table 2 . 
Linear Polarization Resistance (LPR)
Instantaneous corrosion rate information concerning the effect of the oxazolidine derivatives on steel corrosion in a 1 M HCl solution was acquired from linear polarization resistance (LPR) measurements. A safe potential perturbation was applied to displace the sample within ± 10 mV of its open circuit potential (OCP) position. Within this potential range, it has been reported that the relatively steady state assumed by the corroding sample is not disturbed, that a linear relationship exists between the applied overpotential and the resultant current density response, and that the polarization resistance, Rp, can be extrapolated from the slope of the potential-current plot [46, 47] . The X60 steel sample was allowed to attain an OCP during 1 h of free corrosion in the 1 M HCl solutions without and with 0.5 % of the oxazolidine derivatives, and the results of the subsequent LPR measurements are presented in Table 3 . The polarization resistance, Rp, was calculated from the slope of the potential vs current plot by assuming anodic and cathodic Tafel constants of 0.12 V/decade. The addition of the oxazolidine inhibitors showed no significant change in the corrosion potential (Ecorr) of the steel sample in the acid solution. However, their presence obviously increased the Rp value for the steel corrosion, as the Rp value shifted from 481 Ω cm -2 in the blank HCl solution and increased according to the order OXA2 < OXA3 < OXA1 < OXA4, reaching a maximum Rp value in the presence of the OXA4 inhibitor. Similarly, the IE % value calculated for the inhibitors reached a maximum of greater than 81 % % in the presence of OXA4. Thus, regardless of the order of corrosion inhibition, the present result reveals that the oxazolidine derivatives are excellent inhibitors for X60 steel corrosion in 1 M HCl solutions. This is very consistent with the EIS results. 
Polarization techniques
Potentiodynmic polarization (PDP) was deployed to further understand how the oxazolidine derivatives influenced the kinetics of anodic and cathodic half-reactions occurring on the steel surface during corrosion in the 1 M HCl solution. The PDP plots derived for the X60 steel sample in the acid solution without and with 0.5 % oxazolidine derivatives are provided in Figure 2 . The addition of the OXA1 to OXA4 inhibitors to the HCl solution did not change the corrosion mechanism of the steel in the acid solution, given the weak deviation of the Ecorr values and the salient similarities in the shapes of the polarization curves, which can generally be interpreted to involve active dissolution without a transition to passivation. The oxazolidine derivatives inhibited both the anodic and cathodic halfreactions during steel corrosion, which implies that they function as mixed inhibitors. The obvious differences between the βa and βa values in the inhibited solution and the blank also affirm that the inhibitors are mixed-type inhibitors. A similar mechanism was reported when some isoxazolidine derivatives were investigated as corrosion inhibitors for a similar kind of X60 steel in a 1 M HCl solution [30] . Indeed, the reduction in the cathodic and anodic currents was most prominent in the presence of the OXA4 inhibitor, followed by OXA1, so the inhibition trend for the oxazolidine derivatives remained consistent with the observations from weight loss, EIS and LPR experiments. This is further elucidated from the electrical parameters (Ecorr, icorr, βa and βa) derived from the PDP plots using the Tafel extrapolation, as detailed in Table 4 
Global descriptors
The structures of the investigated inhibitors were optimized in the gas phase and aqueous solution using B3LYP/ and CPCM/B3LYP/6-311++G(d,p), respectively. The optimized electronic structures are minima on the potential energy surface (PES) with no imaginary frequencies. Based on frontier molecular orbital (FMO) theory and Fukui's theory, the ability of a molecule to donate electron/s is controlled by the HOMO level. Since a higher value allows the molecule to donate electrons easily to an acceptor molecule/atom (such as the unfilled d-orbital of the Fe atom in the corrosion case), this will enhance the adsorption process between the inhibitor and the metal surface [48] . In contrast, the ability of the inhibitor molecule to receive electrons during the electron back-donation process from the filled d-orbital of the Fe atom to the inhibitor is facilitated by a lower LUMO level of the inhibitor molecule. Therefore, a lower will enhance the adsorption process. Consequently, the gap between the HOMO and LUMO energy levels of the molecules (∆ = − ) is an important descriptor. This gap corresponds to the ability to donate and accept electrons during the adsorption process. Figure 3 shows the optimized geometries, the spatial distribution of the FMOs (HOMO and LUMO), and the molecular electrostatic potential (ESP) of the investigated inhibitors. potential of investigated inhibitors in the gas phase Figure 3 shows that the HOMOs of the four molecules are delocalized over the oxazolidine ring and on C11 in OXA1 and OXA2. However, the HOMO is delocalized over the entire skeleton of OXA3, i.e., the oxazolidine and methylcyclohexane rings. Therefore, the presence of the methyl group at C11 of the cyclohexane ring significantly affects the HOMO distribution. The delocalization of the HOMO of OXA4 is somewhat intermediate between its distribution on the whole OXA3 skeleton and its distribution mainly on the oxazolidine ring of the OXA1 and OXA2 molecules. In contrast, the LUMOs show significant delocalization on the oxazolidine ring, except on the O2/7 atom of this ring. Additionally, the LUMO is distributed partially on the other ring (cyclopentane, cyclohexane, methylcyclohexane, and cyclooctane in the OXA1, OXA2, OXA3, and OXA4, respectively). As reported [49] [50] [51] , there are strong relationships between some theoretical quantum chemical parameters (QCPs) and the experimental inhibition efficiencies. Such parameters are dependent on the HOMO and LUMO energies and are called global descriptors, including the global hardness ( ), global softness ( ), and electronegativity ( ). Other parameters that are dependent on the aforementioned parameters and are very useful descriptors to justify/interpret the experimental inhibition efficiencies include the electrophilicity ( ) and neuclophilicity ( ), the fraction of electrons transferred (Δ ), the energy of back donation (∆ − ), electronic charge accepting capability and the initial molecule-metal interaction energy (∆ ). Table 5, Table 6 , and Table 7 list the calculated QCPs for the four inhibitors in the gas phase and aqueous solution. The equations used to calculate these parameters can be found in the literature [48, 52, 53] .
The presence of solvent does not substantially affect the electronic properties of the investigated inhibitors [54] . The QCPs display very similar trends in the gas phase and aqueous solution. However, the presence of water as a solvent stabilizes the HOMO levels and destabilizes the LUMO levels by no more than 0.2 eV [54] . This in turn leads to an increase in the hardness and electronegativity values in the aqueous solution compared to their values in the gas phase.
As seen from the weight loss and electrochemical experiments, the inhibition efficiencies (% ) of the four molecules decrease in the following order: OXA4 ≥ OXA1 > OXA3 ≥ OXA2 (see Table 1,  Table 2, Table 3 , and Table 4 ). As shown in Table 5 and Table 6 , it is notable that the value increases in the following order: OXA1 < OXA4 < OXA2 < OXA3. The OXA4 and OXA1 inhibitors, with the highest % values, have the lowest values, which does not correlate well since a higher HOMO energy should make it easier for the inhibitor to donate electron/s to the unfilled d-orbital of the Fe atom. Therefore, in this case, the HOMO energies of the molecules were not correlated very well with the experimental inhibition efficiencies. In terms of the LUMO energies, the values increase in the following order: OXA3 < OXA4 < OXA2 < OXA1. In contrast, a lower LUMO energy makes it easier for the inhibitor to accept electron/s from the filled d-orbital of the Fe atom; thus, OXA4, with the highest inhibition efficiency, has one of the lowest LUMO energies among the studied inhibitors. As reported, a molecule with a small energy gap may be more polarizable and thus more reactive and kinetically less stable [48] . The data in Table 5 and Table 6 show that the ∆ values decrease in the following order: OXA1 > OXA2 > OXA4 > OXA3. Therefore, OXA4, with the maximum inhibition efficiency, shows one of the lowest energy gaps among the studied inhibitors. The weak correlations between the calculated and values and their gaps with the order of experimental inhibition efficiencies may be related to other factors, such as the difference in solubility of the investigated molecules. A similar conclusion was derived in the literature [55] .
The electrophilicity index ( ) is a measure of the tendency of a molecule to gain electron/s. On the other hand, the nucleophilicity ( ), which is the inverse of , measures the ability to donate or share electron/s. As reported, smaller values and larger values are associated with good anticorrosive ability and vice versa [48] . As evident from Table 5 and Table 6 , the order of increasing and decreasing values is OXA2 < OXA1 < OXA4 < OXA3. The inhibitors that have small electrophilicity index values are strong nucleophiles. However, there exists a discrepancy in the trend between the experimental inhibition efficiencies and the calculated and values: OXA3, as one of the least efficient inhibitors, has a larger value and is a weak nucleophile. It was showed that the experimental inhibition efficiencies of four 2-pyridyl-azole derivatives increase as the hardness increases and as the interaction energy between the inhibitor and surface of the metal increases due to the donation and back-donation process [56] . Therefore, if the electron donation and electron back-donation processes occur at the same time, the energy change is directly proportional to the hardness of the inhibitor molecule. As indicated in Table 5, Table 6, and Table 7 , the hardness values are greater than zero and the energy of back donation (Δ − ) values are smaller than zero in both the gas phase and aqueous solutions. Therefore, it is energetically favorable to donate electrons from the inhibitor to the metallic surface and back-donate these electrons in the reverse direction [57] . The values of the investigated inhibitors increased in the order OXA3 < OXA4 < OXA2 < OXA1, while the Δ − values decreased in the reverse order, i.e., OXA1 > OXA2 > OXA4 > OXA1.
As indicated in Table 7 , the number of electrons transferred (Δ ) increases in the following order: OXA1 < OXA2 < OXA4 < OXA3. Thus, OXA4 and OXA1, the two inhibitors with the highest inhibition efficiencies, did not have the highest values of Δ . This result did not agree well with the experimental results. However, according to Sanderson's electronegativity equalization principle [58] , the equalization of the electronegativity of the inhibitor and metal surface will quench the process of charge transfer. The investigated inhibitors will most likely act as electron donors rather than electron acceptors, since their Δ values are greater than zero. The initial molecule-Fe interaction energy (Δ ) values show a very similar trend to that observed for Δ values [48, 54] , as shown in Table 7 . The dipole moments of the four inhibitors increase in the order OXA4 < OXA2 < OXA1 < OXA3. OXA4, with the highest inhibition efficiency corresponding to the minimum dipole moment; however, there is a discrepancy in the order of the calculated dipole moments and the experimental inhibition efficiencies. As proposed in the literature, the inverse correlation between the dipole moments and the inhibition efficiencies can be rationalized by the accumulation of inhibitor molecules with smaller dipole moment more favorably on the metal surface than inhibitor with large dipole moment value [59] .
For the investigated inhibitors, most of their global molecular reactivity cannot be predicted accurately because these values are based solely on their HOMO and LUMO energies [48] ; thus, it is necessary to take into account another extra condition to define their inhibitive ability; this will be discussed in the next sections by taking into account other reactivity descriptors (atomic charges and local reactivity descriptors).
Atomic charge
To calculate the charge distribution on each atom over the whole skeleton of the molecule, it is useful to use the Mulliken population and NBO analysis. The charge distribution on each atom could be used to predict the active site/s for the adsorption process. As reported, the heteroatom (O, S, and N) that is highly negatively charged is most likely the site that joins the inhibitor molecule to the metal surface (Fe, Cu, etc.) during the adsorption process in a donor-acceptor type reaction. Inhibitors show different inhibition efficiencies as a result of the presence of heteroatom/s in their molecular geometry [48, 55] . The calculated Mulliken and NBO charges of C, N and O atoms are presented in Table 8 . The calculations show that the nitrogen and oxygen atoms have positive Mulliken charge densities. The exception is O7 in the OXA1 molecule, which has a slightly negative charge (-0.01 au). In fact, high negative charge densities occur on the carbon atoms of the oxazolidine and other rings. All four molecules share the same number of heteroatoms (one O and one nitrogen), and these two atoms have partially positive charges. As indicated by the Mulliken charges, the active sites of the four molecules are the carbon atoms. It may be useful to calculate the total negative charge of each molecule ( ); the values increase as the number of carbon atoms increases, and the order of its increase is OXA1 (-2.22 au) < OXA2 (2.58 au) < OXA3 (-3.24 au) < OXA4 (-6.70 au). The molecule with the highest inhibition efficiency (OXA4) has the largest value. On the other hand, the NBO charge analysis reveals that the heteroatoms (N and O) of the four molecules are negatively charged. The negative charges on the N and O atoms are slightly affected by the different geometries of the four inhibitors, ranging from -0.63 au to -0.69 au. Similarly, NBO shows that most of the carbon atoms in the two rings are also negatively charged. The exception is the C10 atom, where the two rings join together. Therefore, the NBO charges seem more capable of estimating the charges and explaining the experimental data and thus are used to calculate the Fukui indices (see below).
Local descriptors
To understand the local reactivity of the oxazolidine derivatives, the Fukui indices for each atom in the inhibitors were calculated at the B3LYP/6-31++G(d,p) level in the gas phase using the NBO charge distribution. The analysis of the Fukui indices and the local descriptors provides more information on the electrophilic and nucleophilic reactivity of a molecule [48] ; the related data are collected in Table  9 . The site that might be available for nucleophilic attack is the one with a larger − value. On the other hand, the site that might be available for electrophilic attack is the one with a larger + value. The results reported in Table 9 show that for nucleophilic attack, the highest − values of all inhibitors OXA1
to OXA4 are as expected for all the H atoms. Additionally, the C10 atom shows a larger positive value of − in OXA1 and OXA4; this carbon is the site that joins the two rings together. In OXA2 and OXA3, the sites with the largest − values are C11 and C12, respectively. This indicates the tendency to donate electrons to unfilled d-orbitals of the Fe atoms on the metal surface, and the distribution of the HOMOs agrees with this result. In contrast, the highest − values of the four studied inhibitors are the O2/7 and N8 atoms, indicating that these sites are available for electrophilic attack during the electron backdonation process from the filled d-orbitals of the Fe atoms. Additionally, the distribution of the LUMOs agrees with this result [48] . Furthermore, the sum of the Fukui functions of all atoms in a molecule is equal to one [60] . Additionally, for each atom in the investigated molecules, the local softness ( ), local electrophilicity ( ), and local dual descriptors (Δ , Δ , and Δ ) were also calculated. The graphical representations of the dual Fukui descriptor (Δ ), dual local softness (Δ ), and multiphilic descriptor (Δ ) for the four investigated inhibitors are represented in Figure 5 . The local dual indices (Δ , Δ , and Δ ) indicate that the investigated inhibitors have several active sites. It is important to note that most sites of OXA2 and OXA3 show negative values for the three descriptors; some literature agrees with this finding. The negative values of the Fukui functions were attributed to the short interatomic distances encountered by atoms in a molecule [60, 61] . On the other hand, most sites in the OXA1 and OXA4 inhibitors show positive values for these descriptors (see Figure  5) . Therefore, the latter two inhibitors have additional reactive sites for both nucleophilic and electrophilic attack compared to the aforementioned two inhibitors. Additionally, it can be proposed that the binding between the surface of the Fe and OXA1 and OXA4 is stronger than that in the case of OXA2 and OXA3. Finally, the abovementioned local descriptors reveal that the theoretical order for the variation of inhibition efficiencies of the investigative inhibitors agrees to some extent with the available experimental data [48] .
CONCLUSION
The corrosion inhibition efficiency of some synthesized oxazolidine-based compounds has been tested for API 5L X60 steel in 1 M HCl solutions at room temperature. The synthetic compounds are excellent inhibitors for steel corrosion and can provide an inhibition efficiency of up to 80 % in the acid solution. They adsorb on the steel surface to reduce charge capacitance and charge transfer at the interface, thus lowering the rate of the anodic and cathodic half-reactions at the steel-acid solution interface. Attachment of a cyclooctyl substituent to the oxazolidine parent structure provided the highest inhibition efficiency, while the lowest efficiency was provided by the cyclohexyl substituent. The oxazolidine-based compounds are concluded to be mixed-type inhibitors. In the complementary DFT calculations, the global and local reactivity descriptors were calculated for the four studied inhibitors to gain insight into some structural and electronic properties that are correlated with the inhibition efficiency of these molecules in the gas phase and aqueous solutions. Fukui functions show that the oxygen, nitrogen (in all inhibitors), C10 (in OXA1 and OXA4), and C11 (in OXA2 and OXA3) atoms will probably be the main adsorption sites. For the investigated inhibitors, most of their global molecular reactivity was not correlated very well with the experimental inhibition efficiencies because they were based solely on their HOMO and LUMO energies; thus, it is necessary for these oxazolidine derivatives to take into account another extra condition/s to define their inhibition ability, such as atomic charges and local descriptors.
